biosynthetic pathways (Fig. 1 ). This so-called 'lipid divide' (Koga 2011 
58
In Archaea, G1P is synthesised from dihydroxyacetone phosphate (DHAP) using the enzymes 59 glycerol-1-phosphate dehydrogenase (G1PDH). The first and second isoprenoid chains (GGGPs) 60 are added by garenygarenylglcerol synthase (GGGPS) and digarenylgarenylgecerol synthase 61 (DGGGPS) respectively. In Bacteria, G3P is synthesised by glycerol-3-phosphate dehydrogenase 62 (G3PDH) from DHAP. There are two forms of this enzyme, encoded by the gpsA and glp genes 63 respectively. G3P may also be produced form glycerol by glycerol kinase (glpK). In certain
64
Bacteria, such as Gammaproteoteobacteria, the first fatty-acid chain is added by a version of 
71 72
The observation that lipid biosynthesis in Bacteria and Archaea is non-homologous 73 has motivated the hypotheses that LUCA had no, or only a rudimentary, membrane, 74 with modern ion-tight membranes evolving in parallel along the stem lineage of each 75 prokaryotic domain (Koga et al. 1998 Glp and GlpK appear in Crenarchaeota and Korarchaeota, while GpsA appears only 180 in a single crenarchaeote (Thermofilum). GpsA is also found in two of the 11 DPANN 181 phyla surveyed (Woesarchaeota and GW2011), while GlpK is found in one phylum 182 (Woesearchaeota) and Glp is found in none. Within the Asgardarchaeota 183 superphylum, no orthologues for GpsA are found, and only one of the four phyla 184 (Lokiarchaeota) has Glp or GlpK. PlsC and PlsY are more restricted, being found (Figure 2a ), although 230 the relationships within the group are poorly resolved. Interestingly, the majority of the 231 bacterial G1PDH orthologues do not appear to be recent horizontal acquisitions from 232
Archaea, but instead form a deep-branching clan resolved as sister to the archaeal 233 lineage. The root position that receives the highest posterior support in the relaxed 234 molecular clock analysis is that between the archaeal and bacterial clans, with a 235 marginal posterior probability of 0.68 (Supplementary Table 1 ). This is substantially 236 higher than the next most probable position, which places the root within the Bacteria 237 with a posterior of 0.1. When rooted using MAD, the same root position is recovered 238 with a marginal posterior probability of 0.62, also substantially higher than the next 239 most probable root of 0.1. Rooting single genes trees can prove difficult, and this 240 uncertainty is captured in the low root probabilities inferred using both the molecular 241 clock and MAD methods. However, these analyses can be used to exclude the root 242 from some regions of the trees with a degree of certainty. In the case of G1PDH, a 243 post-LUCA origin of the gene would predict a root on the archaeal stem or within the 244 archaea. In our analyses, no such root position has a significant probability (i.e. 245 PP>0.05), and therefore the root is highly unlikely to be within the archaea. GpsA and glp are two genes that code for glycerol-3-phosphate (G3PDH), which 330 establishes phospholipid stereochemistry in Bacteria. The deep relationships between 331 the archaeal and bacteria sequences in the GpsA tree are poorly resolved (Fig. 3a) , 332 while being better resolved for Glp (Fig. 3b) . The root position in both trees is poorly 333 resolved for both rooting methods (Supplementary Table 1 ). The highest marginal 334 posterior probability for the root positions recovered in the GpsA tree are 0.31 and 335 0.59 and for the molecular clock and MAD respectively, and 0.5 and 0.44 respectively 336 for Glp. The tree inferred for GlpK (the gene that codes for glycerol synthase, which 337 can synthesise G3P from glycerol) (Fig. 4a) (Fig 4b) . Both are rooted within the Bacteria, with PlsC having the low posterior of 0.28 367 (with the next most likely, also within the Bacteria, being 0.1). The PlsY (Fig 4c) 
389 390
Comparisons with outgroup rooting 391 392
The most widely-used approach for rooting trees is to place the root on the branch 393 leading to a pre-defined outgroup (Penny 1976) , but this can be challenging for ancient 394 genes for which closely-related outgroups are lacking (Gouy et al. 2015 A potential concern when using distantly-related sequences to root a tree is that the 408 long branch leading to the outgroup can induce errors in the in-group topologies due 409 to artefacts of this type than the profile mixture models used here (Lartillot et al. 2007 ).
412
To investigate whether the differences in root inference between our analyses and 413 those of Yokobori et al. (2016) might be the result of LBA, we performed outgroup 414 rooting analysis on G1PDH, GpsA and Glp, augmenting our datasets with a 415 subsample of the outgroups used by Yokobori et al. and using the same models used 416 to infer the unrooted trees (LG+C60 in each case). The resulting trees (Supplementary 417 Figures 10-12) show different topologies when compared to the unrooted trees 418 (Supplementary Figures 16, 19-20) . This suggests that the long branch outgroup may 419 be distorting the ingroup topology. 420 421
We also performed model testing in IQ-Tree and compared the fit of the chosen 422 models to the models used by Yokobori et al. (see Material and Methods below).
423
LG+C60 was selected for both G1PDH and Glp, while LG+C50 was selected for Gpsa 424 (Supplementary figure 24) . The results of these analyses indicate that the empirical 425 profile mixture models which we have used here fits each of these alignments 426 significantly better than the single-matrix models of Yokobori et al. (Supplementary  427  Table 2 ). However, even analyses under the best-fitting available models show 428 distortion of the ingroup topology upon addition of the outgroup (Supplementary 429 Figures 10-12, 24) , when compared to the unrooted topologies (Supplementary 430 Figures 16, 19-20) . In each case, we found the root in a different place to those 431 recovered by Yokobori et al. In the G1PDH tree, we find Bacteria, specifically 432
Firmicutes to be most basal, rather the Crenarchaeota found by Yokobori. In the case 433 of GpsA, Yokobori et al. did not find compelling support for an origin in LUCA, but they 434 did recover one archaeal lineage (the Euryarchaeota) at the base of the in-group tree 435 with low (bootstrap 48) support. While our GpsA tree is also poorly resolved, we do 436 not find evidence to support the basal position of the archaeal lineages, and therefore 437 for the presence of GpsA in LUCA. For glp, which Yokobori et al. trace back to LUCA 438 due to the basal position of the archaeal sequences, the outgroup sequences did not 439 form a monophyletic group, and were instead distributed throughout the tree 440 (Supplementary Figure 11) . Thus, analyses under the best-fitting available models did 441 not support the presence of bacterial lipid biosynthesis genes in LUCA. Further, the 442 distortion of the ingroup topologies suggests that these outgroups may not be suitable 443 for root inference, at least given current data and methods. BLASTp searches to find these sequences in the remaining genomes. For PlsB and 581
PlsX, we searched for the respective terms in the gene database on the NCBI website, 582
and upon finding well-verified occurrences, performed BLASTp searches to find the 583 corresponding amino acid sequences in the remaining genomes. We then used 584
BLASTp to look for bacterial orthologues of the archaeal enzymes and vice versa. We 585 selected sequences that had an E-value of less the e-7 and at least 50% coverage.
586
Accession numbers for sequences used are provided in Supplementary Table 3.  587  588  589 Phylogenetics 590 591
The sequences were aligned in mafft (Katoh et al. 2002 ) using the --auto option and 592 trimmed in BMGE (Criscuolo and Gribaldo 2010) using the BLOSUM30 model, which 593 is most suitable for anciently-diverged genes. To construct gene trees form our amino 594 acid sequences, we first selected the best-fitting substitution model for each gene 595 according to its BIC score using the model selection tool in IQ-Tree (Nguyen et al. LG+C60 600 was used for G1PDH, GpsA, Glp and GlpK.
LG+50 was used for DDDGPS, PlsC and 601
PlsY.
LG+C40 was used for GGGPS. A discretised Gamma distribution (Yang 1994 
